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In a variety of species, the refractive state of the eye differs in different parts of the visual ﬁeld (VF) with
greater myopia in the region that views the ground (‘‘lower ﬁeld myopia’’). We studied the refraction and
eye shape of the normal guinea pig eye to determine what feature(s) underlie this visual adaptation. Gui-
nea pigs (n = 67) were either newborn or raised under incandescent light until 14, 37 or 45 days of age
(20, 44, 20 and 11 eyes respectively). Refractive error was measured on-axis and 30 off-axis in the supe-
rior (SVF), inferior (IVF), temporal (TVF) and nasal (NVF) visual ﬁelds. Eye shape was analyzed from
images of frozen hemisections in both the horizontal and vertical mid plane in 14 day animals, and in
the vertical plane at 0, 14 and 45 days of age. Axial distances in vitro were correlated with in vivo high
frequency ultrasound (r2 = 0.90). In the horizontal plane, asymmetry was caused by a ±6 conical zone
surrounding the optic nerve (12 off-axis in NVF), suggesting signiﬁcant myopia in this zone. At 30, there
was no asymmetry in eye length, but the NVF was +1.7 D more myopic due to asymmetry in corneal
power. In the vertical plane at 30, the IVF was more myopic than the SVF by 3.8 D at 0 days, 5.9 D
at 14 days and 6.0 D at 37 days. It resulted from vertical asymmetry in the distance of the retina from
the lens center, which was longest in the mid IVF. This non-linear ramp retina was present at birth. In
older animals, the peak of the ramp shifted more centrally, and the eye developed longer lengths in
the extreme upper periphery (SVF) which may have been caused by the low position of the room ceiling.
The vertical asymmetry in eye shape was mirrored by changes in choroid thickness, suggesting a mech-
anism by which eye shape was reﬁned by vision during development. In early life, ocular growth in the
vertical plane was 1.7 times higher in the center relative to the periphery, a pattern that reversed in the
following month. Since emmetropization was achieved over this period, local visual cues related to clear
vision may provide a switch to change ocular growth from a central to a peripheral emphasis.
Crown Copyright  2012 Published by Elsevier Ltd. All rights reserved.1. Introduction
In many species, the eye does not have a single refractive error
but rather it varies in different parts of the eye. Commonly, the infe-
rior visual ﬁeld is more myopic when compared with the remaining
visual ﬁelds (‘‘lower ﬁeld myopia’’) (pigeons: Catania, 1964; Fitzke
et al., 1985, turtles: Henze, Schaeffel, & Ott, 2004, chicks, quails and
cranes: Hodos & Erichsen, 1990; Millodot & Blough, 1971; Nye,
1973, chicks, frogs and toads: Schaeffel et al., 1994). In humans,
the lower visual ﬁeld has also been reported to be slightly more
myopic than the upper (Seidemann et al., 2002). This variation
could arise from differences in the distance of the retina from the
nodal point in different parts of the visual ﬁeld and/or from varia-
tion in optical power at different peripheral eccentricities. The for-
mer was termed a ramp retina (Walls, 1942) and originally012 Published by Elsevier Ltd. All r
(S.A. McFadden).proposed to substitute for accommodation in horses and stingrays
(Sivak, 1976; Sivak & Allen, 1975), but has subsequently been
shown to be unlikely in horses (Harman et al., 1999). In animals
with small eyes that live close to the ground, it is plausible that this
refractive variation is a local adaptation to the distance of the
ground and sky in the inferior and superior visual ﬁelds respectively
(Hodos & Erichsen, 1990). Raptors, which catch their prey from the
air, do not show lower ﬁeldmyopia (Murphy, Howland, & Howland,
1995). It is possible that this adaptation occurs during develop-
ment. It is well established that myopia can arise from visual dis-
ruption of the emmetropization process, in which the refractive
errors present at birth normally dissipate as the eye grows. For
example, in birds, ﬁsh, primates and mammals, if the eye receives
blurred input (fromhyperopic defocus) or is deprived of form vision
early during development, the rate of ocular elongation accelerates
and myopia develops (Wallman & Winawer, 2004).
In the present study, our aim was to study lower ﬁeld myopia in
the guinea pig eye: a relatively unspecialized typical smallights reserved.
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and has a relatively high percentage of cones (Peichl & Gonzalez-
Soriano, 1994) with a rod/cone ratio similar to primates and
dichromatic color vision (green and blue cones) (Jacobs & Deegan,
1994). It also has a modest visual streak characterized by increased
ganglion cell density in the horizontal plane and extending into a
peak density zone located in temporal retina 4–5 mm from the op-
tic disk (Do-Nascimento et al., 1991).
Our ﬁrst aim was to measure the refractive error variation in
different sectors of the young guinea pig eye. Second, we aimed
to determine the origin of any variation in refractive state by mea-
suring optical parameters and eye shape in both horizontal and
vertical meridians. To study eye shape in these small eyes and to
maximize resolution, we optimized a technique based on high-res-
olution imaging of frozen hemisections. The internal ocular dis-
tances measured on the optical axis using this in vitro freezing
method were validated against the same measures obtained with
high-resolution ultrasound recorded in vivo. Third, we studied
the development of refractive error and eye shape as the animals
aged to determine if lower ﬁeld myopia was present in the guinea
pig eye at birth or whether it developed during emmetropization
as the eye grew. Finally, developmental myopia in humans and ani-
mals is characterized by myopia in the central visual ﬁeld and rel-
ative hyperopia in the periphery and a relatively prolate eye shape
(Mutti et al., 2000; Smith, 2011; Verkicharla et al., 2012). Since the
guinea pig is a useful animal model of myopia (Howlett & McFad-
den, 2006, 2009; Liu et al., 2007; Lu et al., 2006; McFadden, How-
lett, & Mertz, 2004; Qu et al., 2010), we also compared the natural
rate of change in central and peripheral eye shape.2. Methods
2.1. Animals
Pigmented guinea pigs (Cavia porcellus, n = 67) sourced from the
University of Newcastle, were reared and housed with their moth-
ers, in opaque plastic boxes (65  45  20 cm) with wire mesh lids.
Lighting was provided by incandescent bulbs above each box
(3  40 W, 500 lux at each box center) evenly distributed through
an opaque Perspex barrier set 200 mm above the boxes. Lights
were on a 12 h day/12 h night cycle. All procedures were approved
under Australian animal ethics legislative requirements and ad-
hered to the EU Directive 2010/63/EU for animal experiments.2.2. Procedures
First, ocular characteristics were measured in young guinea pigs
14 days old, as this age corresponds to just after the initial period
of maximum ocular growth and is typically used in studies of myo-
pia (Howlett & McFadden, 2006, 2007, 2009). Ocular characteristics
included mapping the variation in refractive error in different
sectors of the visual ﬁeld, in vivo measures of corneal power and
ocular distances on-axis, and horizontal and vertical eye shape
from frozen sections (Table 1, Group 1). These measures allowed
detailed comparison of horizontal and vertical asymmetries in
the eye. Second, to validate measuring eye shape in frozen hemi-
sections, we compared in vivo measures (from ultrasound) and
in vitro measures (from frozen hemisection) in these same
14 day old animals. In a separate group of animals (Table 1, Group
2), we also studied the effect of freezing dissected (untensioned)
crystalline lenses, to separate the pure effect of freezing from dif-
ferences in lens tonus which may occur between our in vivo and
in vitro measures of tensioned lenses. Third, we studied the
development of lower ﬁeld myopia and eye shape in the vertical
plane by comparing refractive error and eye shape in verticalmid-sections taken from eyes of newborn (0 days of age within
12 h of birth), young (14 days old) or older animals (37 and 45 days
of age) (Table 1, Group 3). The older age corresponds to after
emmetropization is achieved, which takes approximately 30 days
(Howlett & McFadden, 2007).
The measures taken in each group of animals is shown in
Table 1. The order of measures was: (1) corneal power measured
in hand-held awake animals using infrared keratometry; (2) eyes
were then cyclopleged (1–2 drops of 1% cyclopentolate), and
1.25 h later on- and off-axis refractions were measured using reti-
noscopy; (3) animals were then anesthetized with 1.5% isoﬂurane
in oxygen and ocular length and component axial distances ascer-
tained with high frequency ultrasound (Group 1 only); and (4)
ﬁnally, within 30 min of ﬁnishing the previous procedure, animals
were again anesthetized with isoﬂurane in oxygen, euthanized
with 130 mg/kg of pentobarbitone sodium into the heart, and eyes
were enucleated within 1 min of death. Eye shape measures were
subsequently made from frozen hemisections. Details of each of
these methods follow.
2.3. Measurement of refractive error
Eyes were refracted using white light retinoscopy in ﬁve posi-
tions: the central (C) visual ﬁeld (on-axis), and in the temporal
(T), nasal (N), inferior (I), and superior (S) visual ﬁelds (VF) (off-
axis). The four off-axis locations were taken at ±30 from the cen-
tral pupil axis with reference to the long axis of the eye (N, T) and
at right angles to this axis (S, I) (Fig. 1A). These eccentricities cor-
responded to approximately the edge of the lens core visible in
the pupil. The 30 angles were found by ﬁrst locating the optic axis,
and then moving the retinoscope by 30 using an attached string
based protractor system. Both horizontal and vertical meridians
were recorded at each of the ﬁve locations, and the mean of these
two meridians is reported as the mean spherical equivalent.
2.4. Ultrasound measurement of axial dimensions
Axial dimensions were obtained in anesthetized animals to en-
able comparison with measures taken from frozen sections in enu-
cleated eyes (see below). The method used high frequency
ultrasound (20 MHz) (Panametrics Model 176599), with a
100 MHz a/d sampling board (Sonix 8100). Peaks were selected
for the front of the cornea, the front of the crystalline lens, the back
of the crystalline lens, the vitreal–retinal, retinal–choroidal and
choroidal–scleral interfaces, and the back of the sclera as previ-
ously described (Howlett & McFadden, 2006; McFadden, Howlett,
& Mertz, 2004). The distance from the anterior cornea surface to
the anterior lens surface was deﬁned as the anterior chamber
depth (AC). Axial length was deﬁned as the distance from the front
of the cornea to the back of the retina, which corresponds to eye
length at 90 in the frozen sections (see below).
2.5. Determination of eye shape
Both enucleated eyes were placed into phosphate buffered sal-
ine on ice with left or right order randomly selected. Using a freez-
ing microtome with open stage access (Ziess, HM 430), one eye
was carefully aligned initially using the position of the long ciliary
artery to minimize eye tilt (Fig. 1B), embedded in colored freezing
medium (OCT, Tissue Tek) and frozen at30 C over a 45 s period.
Eyes were sectioned in 60 lm steps in either the horizontal or ver-
tical plane (Table 1), adjusted for tilt once the iris was reached, and
magniﬁed digital images (250 pixel/mm, 10 MP Nikon D80 with
Nikkor AF-S DX 55–300 mm lens) collected of the cut surface
(Fig. 2A and B) illuminated with multiple halogen lamps (4 Oriel
50W 12 V).
Table 1
Experimental design showing measures taken in each group. Ultrasound was done in vivo in anesthetized animals. Horizontal and vertical eye shape was measured in vitro in
frozen mid-horizontal or frozen mid-vertical sections respectively. Refractive error was measured in the superior (S), inferior (I), nasal (N), temporal (T) and/or central (C) visual
ﬁeld as indicated.
Group Category Age at measure
(days)
Eye Number of eyes Measures
1: Compare in vivo and in vitro measures and detail horizontal
and vertical eye shape
Young 14
Left 9
Corneal power
Refraction S, I, N, T, C
Ultrasound
Horizontal eye shape
Right 9
Corneal power
Refraction S, I, N, T, C
Ultrasound
Vertical eye shapea
2: Compare fresh and frozen lenses Young 14 Left or right 11 Extracted lens thickness
3. Characterize changes in refraction and vertical eye shape with age Newborn 0 Left and right 20 Refraction S, I, N, T, C
Vertical eye shape
Young 14 Left and right 6 Vertical eye shapea
Mature 37 Left 20 Refraction S, I, N, T, C
45 Left and right 11 Refraction C
Vertical eye shape
a Vertical shape data from these two groups was combined.
TR NR
I
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A B
Fig. 1. Orientation of the guinea pig eye. (A) Right eye in situ showing the long axis
of the pupil used to orientate the horizontal plane used for refraction, and the
apparent edge of the lens core as viewed through the pupil and used to locate the
peripheral position for off-axis refractions undertaken in the central (C), nasal (N),
temporal (T), inferior (I) and superior (S) visual ﬁeld (VF). (B) Posterior globe after
dissection of the extraocular muscles showing the two long ciliary arteries (arrows)
which extend across the temporal retina (TR) and nasal retina (NR). These vessels
are useful to help align the horizontal and vertical planes.
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posterior axis (i.e. thickest) was selected for analysis. This plane bi-
sected the eye centrally due to symmetry in the crystalline lens.
Ofﬂine analysis using a MatLab program was used to extract cali-
brated distance information from these thickest lens images
(Fig. 2B). The center of the crystalline lens (lens center – LC) was lo-
cated at the halfway point along its equatorial axis (being the long
axis of the crystalline lens that connected its equatorial poles).
Distances were measured relative to the LC and a spline ﬁt to the
perimeter of the eye which traced either the retina/choroid or
choroid/sclera boundary and the anterior surface of the cornea.
The optic axis was deﬁned as the axis perpendicular to the lens
equatorial axis.
Three types of distances were extracted from the images: (1) the
equatorial distance (the largest width) of the eye; (2) sixty mea-
surements of internal eye lengths at 6 increments through the LC
from 0 to 360; and (3) sixty measurements of perimeter lengths
also measured with respect to the LC every 6 from 0 to 360.
The internal lengths measured with respect to each chord pass-
ing through the LC were: the anterior chamber distance (AC) de-ﬁned as the anterior chamber depth and corneal thickness
combined; lens thickness measured from the front to the back
surface of the crystalline lens (L); and vitreous chamber depth
and retinal thickness distance (V + R) deﬁned as that part of the
chord through the LC which stretched from the posterior crystal-
line lens surface to the retina/choroid boundary (outer retina),
the latter easily visible in the frozen images (Fig. 2A, inset ii). Eye
length was deﬁned as the distance from the anterior corneal sur-
face to the outer retina, and was the sum of AC, L and V + R. The dif-
ference between distances of LC to the outer retina (retina/choroid
interface) and LC to the inner scleral surface (choroid/scleral inter-
face) allowed calculation of choroid thickness.
Perimeter lengths were taken along spline ﬁts to the outer ret-
ina and the inner scleral surface. The 90 position approximated
the position of the limbus where the interface between the cornea
and sclera occurred (Fig. 2A). Sclera and corneal perimeters were
deﬁned as the length of the spline curve ﬁt to the posterior or ante-
rior eye respectively between the two 90 positions.2.6. Corneal curvature and power
In frozenhemisections, corneal curvaturewasestimated fromdig-
itized images in which x, y coordinates were calculated every 6 (for
180 between ±90 in Fig. 2A). Fits involved a reweighting procedure
followed by the Levenberg–Marquardt algorithm to minimize the
approximatemean square distance (Taubin, 1991) coded using func-
tions implemented throughMatLab (Mathworks). Thismethod rep-
resents the local surface curvature in implicit form using a quadratic
constraint (a function of the data) that converted theminimization of
the mean square error into a stable generalized eigenvector.
In a subset of 14 day old animals (n = 7), and in all 45 day old
animals, corneal radius was also measured in vivo with a custom
designed infrared videokeratometer (Howlett & McFadden, 2007).
These in vivo measures extended across the apparent pupil be-
tween ±36. In both live eyes and frozen preparations, the surface
power of the anterior cornea (F) was calculated as F = (n  1)/r,
where n = corneal refractive index = 1.376 (Howlett & McFadden,
2007) and r = corneal radius in meters.
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Fig. 2. Measures used in shape analysis. (A) Example image collected from the horizontal cut surface of a frozen eye showing parameters used. Distances were measured
relative to the center of the lens axis. An example chord is shown indicating the three distances summed to calculate eye length off-axis: AC, anterior chamber depth; L, lens
thickness, V + R, vitreous chamber depth + retinal thickness. Bold arrows show approximate locations refracted in the horizontal meridian. C, central, N, nasal, T, temporal
visual ﬁelds (VF). Insets show enlargements of (i) the cornea; (ii) the posterior layers. (B) Example image collected from the mid-vertical surface of a frozen eye, shown within
the software used to trace eye shape (blue line) from which ocular parameters were calculated in 6 steps (radial lines). The prominent asymmetry in vitreous chamber depth
between dorsal and ventral retina is noticeable.
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To conﬁrm the effect of freezing on the crystalline lens, we also
studied the effect of freezing untensioned extracted lenses in a
separate set of animals (11 eyesweremeasured). To do this, the lens
was dissected free of the ciliary processes and aqueous and vitreous
humors and positioned in a well with its optical axis approximately
perpendicular to theoptical axis of the camera, andmagniﬁeddigital
images were collected. The lens was then immersed in colored OCT
(Tissue Tek) without disturbing its orientation and rapidly frozen
at30 C prior to sectioning. Images in which the frozen crystalline
lenswas atmaximum thicknesswere selected for analysis and com-
pared to the maximum thickness measured prior to freezing.
2.8. Data presentation and analysis
Data is presented as the mean ± standard error of the mean. Dis-
tances extracted fromthe frozen imageson theoptical axiswere cor-
related with the ultrasound measurements to provide estimates of
the accuracy of the shape analysis method. Bland Altman estimates
of biaswere implemented usingMedcalcV12.3.0.0. RepeatedMea-
sures ANOVAs with multiple comparison procedures (Holm-Sidak
method) and dependent t-tests and Pearson ProductMoment Corre-
lations (e.g. for frozen versus ultrasound) were carried out where
appropriate using SigmaPlot V11. All reported p values are from
the appropriate Holm-Sidak comparison after ANOVA unless other-
wise indicated. Ocular distances, corneal power and perimeters are
plotted from 60 (TVF or IVF) to +60 (NVF or SVF) relative to LC
using the conventions shown in Fig. 2. The IVF is imaged by dorsal
retina and the SVF by ventral retina. Note that throughout the re-
sults, all measures are reported in terms of their visual ﬁeld position
(not retinal ﬁeld). The mirror asymmetries in eye shape were calcu-
lated by subtracting corresponding distance measures in the two
halves of the eye. For example, in vertical sections, eye length at
+30 (SVF) was subtracted from eye length of 30 (IVF) to deter-
mine if the eye was longer in the IVF.3. Results
3.1. Regional variation and development of refractive error
Across all ages, the refractive error of the eye differed in differ-
ent sectors of the visual ﬁeld (VF) (F4,216 = 67.9, p < 0.001, Fig. 3A).
First we describe the variation in the vertical plane for each age
group. Second, we describe the variation in the horizontal plane
for each age group. Finally, we present the results for astigmatism
and emmetropization rates in the different visual ﬁelds.
In the vertical plane, the SVF was more hyperopic and the IVF
was substantially more myopic than the central refractive error
at each age (IVF–CVF: 0 days of age, 2.3 ± 0.7 D, p < 0.01; 14 days
of age, 2.7 ± 0.5 D, p < 0.001, 37 days of age, 4.0 ± 0.4 D,
p < 0.001; and 45 days, 1.7 ± 0.6 D, p < 0.001, Fig. 3B). This meant
the eye was signiﬁcantly myopic in the IVF compared to the SVF in
every animal (F1,117 = 198.1, p < 0.001), even within 12 h of birth
(difference between the IVF and SVF was 3.8 ± 0.7 D;
5.9 ± 0.5 D; 6.0 ± 0.4 D; 2.8 ± 0.5 D; for 0,14, 37 and 45 days
of age, Holm-Sidak comparisons p < 0.001 in all cases). We refer
to this relative myopia as lower ﬁeld myopia. The average lower
ﬁeld myopia measured at a ﬁxed position (±30) increased by
2.1 D between birth and 14 days of age (Holm-Sidak t = 2.9,
p < 0.05) and declined by +3.3 D between 37 and 45 days of age
(Holm-Sidak t = 4.9, p < 0.001).
Therewas less variation in refractive error in the horizontal plane.
Relative to the central refractive error, TVF was slightly more hyper-
opic and theNVFwas slightlymoremyopic at all ages, although these
differenceswere toosmall to be signiﬁcant (TVF-CVF:+1.5 D,p = 0.09,
+0.2 D, p = 0.67, +0.5 D, p = 0.36; NVF–CVF: 1.4 D, p = 0.11, 0.5 D,
p = 0.34, 0.9 D, p = 0.07; for 0, 14 and 37 days respectively). How-
ever, the TVF was more hyperopic than the NVF in each age group
(TVF–NVF for 0 days: +2.8 ± 0.9 D, p < 0.001; 14 days: +1.0 ± 0.3 D,
p < 0.05; 37 days: +1.4 ± 0.3 D, p < 0.001).
There was little astigmatism in the guinea pig eye in the C, N, T
and S visual ﬁelds (mean 1.0 ± 0.1 D, Table 2). However, there was
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Fig. 3. Variation in refractive error in the normal guinea pig eye. (A) Mean spherical equivalent refractive error in different parts of the visual ﬁeld for 0, 14, 37 and 45 days of
age. The inferior visual ﬁeld (which views the ground) was relatively myopic at birth and became absolutely myopic by 37 days of age. C, central; N, nasal; T, temporal; S,
superior; and I, inferior visual ﬁelds. (B) Emmetropization in the vertical plane. The inferior visual ﬁeld (IVF) continued to emmetropize between 37 and 45 days, whereas the
superior visual ﬁeld (SVF) reached its set point earlier. Refractive values have not been adjusted for the small eye artifact which is approximately +1 D in central retina
(Howlett & McFadden, 2007). p < 0.05, p < 0.01, p < 0.001 for Holm-Sidak comparison after 2 way ANOVA.
Table 2
Refractive error and astigmatism in each visual ﬁeld and mean corneal power. The spherical equivalent refractive error was taken as the mean of the two primary meridians.
Astigmatism was calculated as the absolute value of the difference between these two primary meridians. Astigmatism was highest in the inferior visual ﬁeld. Corneal power was
measured in awake animals with IR video retinoscopy. C, central, N, nasal, T, temporal, S, superior, I, inferior visual ﬁelds.
Age (days) Spherical equivalent (D) Astigmatism (D) Corneal power (D)
C N T S I C N T S I
0 Mean 6.4 5.0 7.8 7.9 4.1 1.1 1.1 0.7 1.4 1.6
SE 0.5 0.7 0.2 0.7 0.6 0.2 0.3 0.2 0.5 0.5
14 Mean 3.0 2.4 3.2 6.1 0.2 0.8 0.8 1.1 1.1 4.3 95.3
SE 0.3 0.3 0.3 0.4 0.5 0.2 0.2 0.3 0.2 0.5 0.5
37 (or 45a) Mean 1.8 0.9 2.2 3.7 2.3 1.1 1.3 0.8 1.4 3.8 104.1a
SE 0.2 0.3 0.2 0.3 0.4 0.2 0.2 0.2 0.2 0.4 0.6
a Refers to animals that were 45 days of age.
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in the IVF (F1,46 = 124.7, two way ANOVA, p < 0.001), and this astig-
matism was signiﬁcant from the ﬁrst 2 weeks of life (0 days,
p = 0.07, 14 and 37 days, p < 0.001; data in Table 2). In 14 and
37 day old animals, the astigmatism in the IVF was greater than
in the other visual ﬁelds (p < 0.001 for all comparisons).
A comparison of the refractive error in newborn, young (prior to
emmetropization) and mature animals (after emmetropization)
showed that the eye became less hyperopic at all retinal positions
as animals aged (Fig. 3A and Table 2). On axis in the central visual
ﬁeld, the refractive error reduced from +6.4 D to +0.9 D over the
ﬁrst 45 days of life. Averaged across all regions, the eye emmetrop-
ized from +6.3 ± 0.3 D at 0 days of age; dropping to +3.0 ± 0.2 D at
14 days of age; and reducing further to +1.3 ± 0.2 D at 37 days of
age (F2,216 = 138.5, p < 0.001). Despite the regional variation in
refractive state, the eye emmetropized in every region (mean
change between 0 and 37 days of age: C, 4.6 D; N, 4.2 D; T,
5.6 D; S, 4.2 D; I, 6.4 D, p < 0.001 in all cases). However, the
change in refractive error between 0 and 45 days differed between
the IVF and SVF (interaction F3,117 = 6.0, p < 0.001; change in
IVF = 5.3 D; change in SVF = 6.3 D). The emmetropization rate
between 0 and 14 days was 2.1 D more rapid in the IVF
(p < 0.05). The eye continued to emmetropize between 37 and
45 days in the relatively hyperopic SVF, by reducing its refractive
error (reduction of 2.1 D, Holm-Sidak p < 0.05), an effect not seen
in the IVF where the refractive error had already stabilized
(increase of +1.1 D, Holm-Sidak p = 0.08, not signiﬁcant, Fig. 3B).
That is, compared to the SVF, in the myopic IVF, the rate of emme-
tropization was faster, and refractive error stabilized at an earlier
time.3.2. Correlation between in vivo (ultrasound) and in vitro (frozen
sections) measures
Eye shape in frozen hemisections was completely smooth and
appeared undistorted (Fig. 2). To speciﬁcally evaluate the effect
of freezing, distances measured in vivo with ultrasound (U) on
the optical axis were compared to the same distances measured
in frozen sections (F) (i.e. at 0 in Fig. 2) in 14 day-old animals
(Group 1, Table 1). Ultrasound measures in live animals were well
correlated with those taken from images of frozen sections (AC:
p < 0.001, Fig. 4A; Lens: p < 0.001, Fig. 4B; V + R: p < 0.05). The cor-
relation between corneal radius measured with ultrasound and in
frozen sections was signiﬁcant (mean from infrared videokeratom-
etry, 3.26 ± 0.01 mm; mean from same range (0–36) in frozen
sections, 3.22 ± 0.02 mm, r2 = 0.49, p < 0.05). Lens thickness was
less in frozen sections (U, 3.526 ± 0.02 mm; F, 3.270 ± 0.01; paired
t = 19.5, p < 0.001, decrease of 7.3%, Fig. 4B). Half of this change was
due to the freezing process, as we also measured dissected crystal-
line lenses before and after freezing. These non-tensioned lenses
shank by 3.9% but their thicknesses were signiﬁcantly correlated
before and after freezing (r2 = 0.49, p < 0.001). The remaining
change was likely due to differences in the posterior lens surface
in vitro compared to in vivo, as the smaller lens thickness in frozen
sections was almost completely offset by an expansion in the vit-
reous chamber of 6.9% (U, 3.179 ± 0.01 mm; F, 3.399 ± 0.02 mm,
paired t = 14.3, p < 0.001). This meant that the average distance
from the front of the lens to the back of the retina was only
38 lm shorter in frozen sections (U, 6.699 ± 0.03 mm, F,
6.671 ± 0.03 mm, paired t = 2.9, p = 0.01) and well correlated be-
tween the two measures (lens combined with V + R: p < 0.001,
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82 G. Zeng et al. / Vision Research 76 (2013) 77–88Fig. 4C). The anterior lens surface remained in its natural place
after freezing, since the anterior chamber was highly correlated
in vivo and in vitro. The correlation between the two measures
of axial length was r2 = 0.90 (Fig. 4D, F1,16 = 146.4 p < 0.001) and
there was no signiﬁcant difference in the average axial length (U,
7.824 ± 0.03 mm; F, 7.818 ± 0.03 mm, n = 18, paired t-test, p = 0.6).
To check the agreement between the two measures (ultrasound
and frozen), we made Bland–Altman plots based on both measures
plotted against the difference between the two measures. The lim-
its of agreement for the main internal variable used to reconstruct
eye shape (lens thickness plus V + R) showed no signiﬁcant bias
(0.024 ± 0.034 mm: average mean difference ± 1.96 standard devi-
ations of the difference, p = 0.3, Supplementary Fig. 1A). For axial
length, the average bias was zero (0.00 ± 0.041 mm) with agree-
ment across all eye sizes within ±1.96 standard deviations and
agreement improving to very high levels as eye size increased
(Supplementary Fig. 1B). All other variables were also within
±1.96 standard deviations of the difference between the two
measures.
3.3. General eye shape from frozen sections
The 14-day old guinea pig eye was not symmetrical as the aver-
age equatorial distance was larger by 445 lm in the mid-horizon-
tal plane (H) compared to the mid-vertical plane (V) (H, 8.678 mm;
V, 8.234 mm; n = 9; p < 0.001, Fig. 5A). The mean summed scleral
and corneal perimeters were also larger in the horizontal plane
(H, 25.450 mm; V, 24.863 mm; n = 9; p < 0.001). The optic nerve
head was located approximately 12 temporal to the central retinain the horizontal plane (i.e. projects into the nasal visual ﬁeld), and
was slightly ventral (by <6) to the central retina (i.e. projects
slightly into the superior visual ﬁeld) in the vertical plane. This
asymmetry in the position of the optic nerve caused the mid-hor-
izontal section to encompass much of the optic nerve and associ-
ated optic cup (Fig. 2A), while it was avoided in the mid-vertical
sections (cf. Figs. 2B and 5B).
Fig. 6 shows distances extracted from the frozen sections for
each age. In this ﬁgure, the horizontal and vertical dimensions
are superimposed for the 14 day old animals, and it can be seen
that the vitreous chamber and eye length are longer in the horizon-
tal plane in the periphery (H–V for V + R: at +60 = 156 lm,
p < 0.001; at 60 = 231 lm, p < 0.001; H–V for Eye length: at
+60 = 117 lm, p < 0.05; at 60 = 230 lm, p < 0.001) as well as be-
tween +6 and +18 (p < 0.001 for all) (Fig. 6, left panel). The prom-
inent bump between +6 and +18 in the horizontal plane in Fig. 6C
and E corresponds with the position of the optic nerve.
The following analysis relates to the data for the vertical plane
for each age also plotted in Fig. 6. At all ages, the distance of both
the cornea surface and the retina from the nearest lens surface de-
clined as eccentricity increased (mean difference between ±60
and 0 for AC: 55 ± 12 lm, 87 ± 9 lm, 94 ± 7 lm; and for
V + R: 734 ± 20 lm, 830 ± 16 lm, 789 ± 11 lm; for 0, 14 and
45 days respectively, p < 0.001 for each, Fig. 6A and C). The center
of the lens was also closer to the outer retina in the far periphery
than in the center or mid-periphery (mean difference between
±60 and 0 of 529 ± 18 lm; 626 ± 16, 572 ± 14; for 0, 14
and 45 days respectively, p < 0.001 in each case). On its own, such
an arrangement would produce relative hyperopia in the far
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refractive pattern was also contributed to by a signiﬁcantly ﬂatter
cornea with less power the greater the eccentricity from the CVF
(difference between ±60 and 0 in the vertical plane of
24 ± 0.7 D, 17 ± 0.5 D, 15 ± 0.3 D; for 0, 14 and 45 days respec-
tively, p < 0.001, Fig. 6B). However, it was offset by opposite
changes in the thickness of the lens (difference between ±60
and 0 of +629 ± 19 lm, +634 ± 7 lm, +700 ± 8 lm; for 0, 14 and
45 days respectively, p < 0.001, Fig. 6D). The almost perfect inverse
correlation between the V + R distances and the lens thickness dis-
tances between 60 and +60 (r2 = 0.99 for each age), meant that
the anterior surface of the lens was approximately equidistant
from the outer retina. Thus, although there was still some variation
in eye length with eccentricity (Fig. 6E), it was minimized because
of the opposing changes in its major underlying constituents.1 For interpretation of color in Figs. 1–3, 5–8, the reader is referred to the web
version of this article.3.4. Asymmetry in eye shape and the presence of a non-linear ramp
retina
The mirror asymmetries in eye shape can be appreciated by cal-
culating the difference between the two halves of the eye in the
horizontal and vertical planes in each of the measured parameters.
Fig. 7 shows the horizontal and vertical asymmetry in 14 day old
animals, where the amount of the deviation away from zero indi-
cates the amount of asymmetry. We show below that the asymme-
try in the horizontal plane was because of the position of the optic
nerve, while the asymmetry in the vertical plane created a non-lin-
ear ramp retina.
In the mid-horizontal plane at 14 days of age, the eye was long-
er in temporal retina because of the optic nerve. At the exit of the
nerve in the blind spot (at +12), the eye length was 262 ± 48 lm
longer (p < 0.001), and for ±6 on either side of this exit, where
the retina was clearly present, the eye was shaped like a cone (in-
set in Fig. 7A) producing a signiﬁcant gradient in the distance of the
retina from the LC. Relatively little asymmetry was present beyond
this area (>20 from the optic axis). At an eccentricity of 30 where
our refractive measures were taken, the NVF (temporal retina) was
only 37 ± 30 lm longer in the vitreous chamber distance (V + R)
(Fig. 7A, blue line, p = 0.33, not signiﬁcant). This was offset by aslightly smaller anterior chamber (28 ± 19 lm) resulting in a no
signiﬁcant asymmetry in eye length (17 ± 30 lm, p = 0.62,
Fig. 7A, black line). The corneal power at 30was 2.1 ± 0.1 D greater
(p < 0.001) in the NVF causing the slightly more myopic refractive
error in the NVF compared to the TVF (cf. Figs. 3A and 7A).
In the mid-vertical plane, the 14 day old eye was noticeably
asymmetric in eye length originating primarily from variation in
the vitreous chamber depths. The maximum positive asymmetry
occurred at 24 from the optic axis where the eye was 87 ± 15 lm
longer in the IVF in eye length and 55 ± 11 lm longer in V + R
(Fig. 7B, cf. black and blue lines, Holm-Sidak p < 0.001 in both
cases). At the peak of the ramp, the asymmetry was partially offset
by a small reduction in corneal power (1.1 ± 0.4 D, p < 0.01, 1red
line in Fig. 7B). A signiﬁcant positive asymmetry in eye length oc-
curred between 18 and 36 (p < 0.0001 at 18, 24, 30 and
p < 0.001 at 36), spanning 20 of visual space, which would create
a myopic zone over this area. The asymmetry reversed in the far
periphery, where the eye length became longer by up 100 ± 15 lm
in the extreme SVF (p < 0.001). Since the ramp dominated in the
mid-periphery, and declined at greater peripheral eccentricities, we
refer to this asymmetry in the vertical plane as a non-linear ramp.
In both the mid-horizontal and mid-vertical planes, the crystal-
line lens was particularly symmetric showing little difference be-
tween the two half eyes (average difference in two halves in
14 day olds: NVF–TVF, 3.0 ± 1.5 lm; IVF–SVF, 8.5 ± 2.4 lm,
p > 0.05 at all angles, Fig. 7).
We studied the development and origin of the non-linear ramp
retina in the vertical plane (Supplementary Fig. 2). The vertical
asymmetry in eye length was present at birth with the IVF
95 ± 23 lm longer than the SVF in eye length at ±30 which is
where the off-axis refractions were taken (p < 0.001, Supplemen-
tary Fig. 2A). This asymmetry was almost entirely due to a deeper
vitreous chamber (V + R longer by 81 ± 20 lm at 30, p < 0.001,
Supplementary Fig. 2B). A similar asymmetry in the length of the
retinal perimeter and scleral perimeter was also present from birth
with the perimeter larger in the IVF (retinal perimeter increased by
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84 G. Zeng et al. / Vision Research 76 (2013) 77–88up to 14 lm/6, Supplementary Fig. 2C; scleral perimeter increased
by 10 lm/6, p < 0.001 for both). In all parameters measured, the
peak of the ramp shifted signiﬁcantly closer to the optic axis as
the animals aged and as the eye grew (peak in V + R at age 0, 14
and 45 was 30, 18 and 24 from the optic axis respectively, 0 days
different to 14 and 45 days, p < 0.01 for both), suggesting that the
peak location of the ramp was reﬁned during development.
3.5. Contribution of choroid thickness to lower ﬁeld myopia
The thickness of the choroid was readily discerned in the frozen
sections (Fig. 2A, inset ii). A comparison of the choroid thickness
from ultrasound and that from frozen sections on the visual axis
in nine 14 day old eyes showed a signiﬁcant correlation (in vivo
mean: 85 ± 6 lm; frozen mean: 49 ± 6 lm; r2 = 0.54, p = 0.02),
although freezing and/or eye enuceulation clearly resulted in a sig-
niﬁcant reduction in choroid thickness. Never-the-less, in frozen
sections, the variation in choroid thickness with eccentricity was
remarkably consistent. In 19/21 eyes (vertical mid-sections) the
choroid was thinner in the CVF, and across all eyes, was signiﬁ-cantly thicker in approximately the mid IVF compared to other re-
gions (F20,380 = 21.3; choroid at: 0 < +12 to +42, p < 0.001 in all
cases, Fig. 6F).
This pattern produced a vertical asymmetry in choroid thick-
ness (maximum difference of 53 ± 12 lm, Supplementary
Fig. 2D), which supported the asymmetry in eye shape. That is,
the greater the asymmetry in the vitreous chamber distance
[which produced a ‘bump’ in the upper retina corresponding to
the lower ﬁeld myopia in the IVF], the thinner the corresponding
choroid in the IVF (correlation r2 for 0 days: 0.56, p < 0.05; 14 days:
0.88, p < 0.001; 45 days: 0.97, p < 0.001). The choroid asymmetry
became greater as the eye aged (F2,380 = 5.9, p < 0.01, Fig. 6F) and
the correlation with the vitreous chamber depth asymmetry
became more pronounced with age. The choroidal asymmetry
could account for 40% of the asymmetry in the vitreous chamber
at the peak of the ramp retina at 0 days of age, 90% at 14 days of
age, and 78% at 45 days of age. Therefore, it is possible that a
choroidal ﬁne-tuning mechanism operated after birth and aided
in adjusting the degree and position of the lower ﬁeld myopia as
the eye grew.
Fig. 7. Mirror asymmetry in eye shape about the optic axis (0) for various ocular parameters in the average 14 day old guinea pig eye. (A) Horizontal asymmetry calculated
from the differences in NVF–TVF distances averaged for 9 eyes. Positive values make the NVF (which contains the projection of the optic nerve) more myopic than the TVF.
The position of the optic nerve is shown in the inset. (B) Vertical asymmetry calculated from the differences in IVF–SVF distances averaged for 15 eyes. Positive values in (B)
make the IVF is more myopic than the SVF. In both (A and B) each value was calculated as the difference at corresponding + and angles (see Fig. 2). The scale for corneal
power differences is shown on the right. Note that a difference in ocular power of 2D occurs for every 50 lm increase in eye length (Howlett & McFadden, 2007).
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The change with age in eye length distances and perimeter dis-
tances in the vertical sections (Group 3, Table 1) were used to
determine the relationship between equatorial and axial distances;
and the relationship between central and peripheral growth. First,equatorial and axial lengths were signiﬁcantly correlated in new-
born and older animals (0 days: r2 = 0.81; 45 days r2 = 0.89); and
as the slope of these two relationships were similar (slope = 1.1
and 1.2), it suggests that a signiﬁcant amount of proportional
growth occurred. In the vertical plane, the average older eye was
a grossly scaled version of the younger eye (Fig. 5B). However,
86 G. Zeng et al. / Vision Research 76 (2013) 77–88growth could not be entirely proportional, since the eye lost 4.6 D
of its initial hyperopia between 0 and 37 days of age, and emme-
tropization rate and timing differed between the IVF and SVF
(see Section 3.1, Fig. 3B). Insight into the emmetropization mecha-
nism was revealed by a more detailed examination of where the
growth was taking place.
In the early stage of growth (between 0 and 14 days of age),
most of the eye extension occurred in central retina extending
approximately ±18 on either side of the optic axis. In the periph-
ery, growth was relatively reduced, particularly in the IVF (Fig. 8,
blue symbols). Therefore, normal early growth is characterized
by a strong tendency towards a more prolate eye shape in the ver-
tical plane. These central–peripheral differences in early growth
appeared in the expansion in the vitreous chamber (Fig. 8A) and
in the distances from the lens center to the outer retina (maximum
difference of 9.7 and 9.7 lm/day respectively), but were not seen in
the anterior chamber expansion and change in lens thicknesses
(maximum difference of 3.4 and 2.0 lm/day respectively). The
refractive effect of these differential growth changes were partly
offset by 1.8 times more ﬂattening of the cornea in the CVF relative
to the periphery (losing 1.06 D/day at 0 and only 0.58 D/day at
±60, Fig. 8B). Never-the-less, the expansion of the whole eye was
greatest in the CVF (maximum difference in eye length of 11 lm/
day between center and periphery, Fig. 8C). The expansion of the
perimeter of the sclera also showed the same pattern, increasing
preferentially in the CVF (maximum in center: 3.28 lm/day/6;
minimum in periphery: 1.97 lm/day/6; Ratio: 1.7; Fig. 8D).
In the later stages of growth (between 14 and 45 days of age),
the daily average growth slowed and was only 1/3 that of the
younger animals (p < 0.001 for all parameters). The earlier central
bias disappeared and was instead consistently less than that seen
in the peripheral zones (Fig. 8, red symbols). This was true for
the change in vitreous chamber depth (Fig. 8A) as well as in the
changes in corneal power (Fig. 8B) and eye length (Fig. 8C). The
maximum growth of the sclera also reversed from center to
periphery as animals aged (maximum in periphery: 1.09 lm/day/
6; minimum in center: 0.74 lm/day/6; ratio: 1.5; Fig. 8D). The
data suggests that preferential central growth was switched off
somewhere between 14 and 45 days of age, possibly at the same
time that emmetropization was achieved.
4. Discussion
We found signiﬁcant variation in the refractive error measured
±30 off-axis in four sectors of the guinea pig eye. On average over
the emmetropization period (0–37 days of age), the NVF was
1.7 D more myopic than the TVF and the IVF was 5.2 D more
myopic than the SVF. Both the horizontal and vertical asymmetry
in refractive error were present at birth. In the horizontal plane,
excluding the signiﬁcant asymmetry due to the position of the op-
tic nerve, the remaining small N–T refractive variation in 14 day
old animals was caused by a small asymmetry in corneal power.
In contrast, as discussed below, the I–S variation arose from a
non-linear ramp retina in the vertical plane, present at birth and
subsequently assisted by local choroidal thickening.
4.1. The development of lower ﬁeld myopia in the normal guinea pig
eye
Like in other species, in the typical small mammalian eye stud-
ied here, the overall refractive errorwasmoremyopic in the inferior
visual ﬁeld than the superior visual ﬁeld. This ‘‘lower ﬁeld myopia’’
may have evolved as an adaptation to allow the ground plane to be
well focused while maintaining clear vision on the horizon, pre-
sumably important to a small creature which needs to detect both
food and predators. We studied the development of this variationand found3.8 D of lower ﬁeldmyopia present within 12 h of birth.
It increased within the ﬁrst 2 weeks of life to 5.9 D and appeared
to be a relatively permanent feature of the eye. The increase after
birth may reﬂect a developmental adaptation to match the growing
eye to the location of the relevant ground planewhich is also chang-
ing in a growing animal. In the mature eye, we found that the
degree of lower ﬁeld myopia measured at30 appeared to reduce,
but this probably reﬂected a shift in the eccentricity where maxi-
mum myopia occurred, which based on our eye shape analysis
occurred at 20 (Suppl. Fig. 2A, B).
4.2. Origin of the lower ﬁeld myopia
While there has been controversy as to whether the original
assertion by Walls (1942) and Duke-Elder (1941–1972) that a
ramp retina was the cause of lower ﬁeld myopia, we report here
that a non-linear ramp retina was present in the guinea pig eye
at birth and was maintained during the emmetropization period.
It arose primarily because of an increase in the distance of the ret-
ina from the center of the crystalline lens in the mid-periphery
within the dorsal retina myopic zone. However, this ramp was
non-linear, in that it reversed in the far periphery. In older animals
in the far periphery, eye length and vitreous chamber depth were
longer in the SVF than in the IVF by 100 lm, meaning that the
ventral retina was further from the lens center than the dorsal ret-
ina. We know from the guinea pig model eye, that increasing eye
length by 100 lmwould induce 3.7 D of myopia (Howlett & McF-
adden, 2007). This suggests that the extreme upper visual ﬁeld (for
imaging objects directly above the animal) may also develop some
relative myopia. It may have been caused by the location of the
ceiling in our box rearing procedure, which was located at
30 cm above the animals heads, a distance equivalent to
3.3 D. It has previously been reported that chicks raised in a
low ceiling environment develop myopia in the corresponding sec-
tor of the eye (Miles & Wallman, 1990).
We also found that the non-linear ramp co-existed with an
asymmetry in the thickness of the choroid which was signiﬁcantly
thicker in the hyperopic SVF than in the myopic IVF. A thicker cho-
roid pushes the retinal plane forward and causes a shorter vitreous
chamber depth (Wildsoet & Wallman, 1995). As the animals aged,
the peak of the ramp shifted closer to the optic axis, assisted by an
asymmetric thickening of the choroid which increased with age.
These changes may have been a visual adaptation shaped to the
location of near objects and be partly responsible for the increase
in lower ﬁeld myopia with age. It is reminiscent of the choroidal
thickening that accompanies hyperopic compensation to positive
lens-wear and choroidal thinning that accompanies myopic com-
pensation to negative lens wear in the growing guinea pig eye
(Howlett & McFadden, 2009). Our measures of choroid thickness
were from frozen sections, and the choroid was thinner on-axis
than in our in vivo measures. Therefore, an in vivo method of
whole eye imaging is needed to conﬁrm this apparent choroidal
asymmetry. Recent data in normal human eyes using OCT has
found that the choroid is thinner in the inferior region of the optic
disk, suggesting asymmetries may also be present in other species
(Ho et al., 2011; Tanabe, Ito, & Terasaki, 2012). However, the cho-
roidal thickening and thinning was unlikely to be the only source
of the asymmetry in the position of the retinal plane, because the
asymmetry was present in both the eye length and in the length
of the scleral perimeter which are independent of the choroid
thickness.
4.3. The optic cup and disk area
In the 14 day guinea pig eye, we found that a small blind spot
(<1) was located in temporal retina some 12 away from the optic
G. Zeng et al. / Vision Research 76 (2013) 77–88 87axis. A funnel shaped, circular region 6 in radius, surrounded the
exit of the nerve and associated optic cup. Within this conical re-
gion, the distance of the retina from the lens center was signiﬁ-
cantly elongated in every eye (up to 0.26 mm in the center of the
pit). This ‘‘optic cone’’ would produce a steep refractive gradient
over ±6 about the blind spot. We do not know of any evidence
for a persistent hyaloid channel in 2 week old guinea pig vitreous,
and even if there was such a structure, the variation in refractive
index would be insufﬁcient to compensate for the depth of the
pit. In retinoscopy, we occasionally see a myopic ﬂash about this
zone. If such a structure was conﬁrmed with OCT, it could simply
mean that the guinea pig has a large patch of space that is very
myopic (an increase in eye length of +260 lm  8 D Howlett &
McFadden, 2007). However, the retina in this region is close to
the visual steak and has a relatively high ganglion cell density
(Do-Nascimento et al., 1991), so it may support some kind of adap-
tation to compensate for the blind spot, such as motion or contrast
enhancement. Alternatively, this conical structure would produce a
substantial myopic gradient that allows clear vision from optical
inﬁnity on its rim to 10 cm distances near its center without
any accommodation. Therefore, it could perhaps allow simulta-
neous viewing of near objects within a receding ground plane
without the need for accommodation.
4.4. Development of eye growth
We measured the change in the scleral perimeter during devel-
opment and found that growth in the central retinal area out-
stripped peripheral growth by 1.7 times during the ﬁrst 2 weeks
of life. This pattern reversed in a later stage measured here be-
tween 14 and 45 days of age. In this later stage, average growth re-
duced to approximately 1/3 of the early growth, and the peripheral
retina grew 1.5 times more than the central.
Over the 45 days of this experiment, the eye emmetropized sig-
niﬁcantly, similar to previous reports that the guinea pig eye
emmetropizes within approximately the ﬁrst month of life (How-
lett & McFadden, 2007). We found that this emmetropization pro-
cess was local, in that the lower visual ﬁeld, which reached its
refractive set point earlier, also showed an earlier slowing in its
growth. Taken together with the central/peripheral growth differ-
ences, it suggests that local cues may guide ocular growth within
different retinal regions. This result is consistent with ﬁndings that
show that local areas of the retina can be induced to become lo-
cally myopic, largely independent of their neighboring region. For
example, wearing an occluder which covers only half the eye in-
duces myopia in the corresponding half only, in chicks (Wallman
et al., 1987), monkeys (Smith et al., 2009, 2010) and guinea pigs
(McFadden, 2002; Zeng & McFadden, 2010). These and other stud-
ies show that aberrant eye growth is guided by local visual cues,
and we speculate that the switch from central to peripheral growth
during normal development may also be guided by visual cues re-
lated to the changes in vision that accompanies emmetropization.
4.5. Accuracy of imaging using our frozen section technique
Frozen cross sections are commonly used to study the gross
structure of different organs (Cheney et al., 1998; Wang, Merchant,
& Sorensen, 2007; Zotti, Banzato, & Cozzi, 2009). We used frozen
hemisections to image eye shape. Axial lengths measured using
this in vitro method were highly correlated with the same mea-
sures from in vivo ultrasound recordings taken under anesthesia.
Bland Altman also found no bias and good agreement between
these two measures. The lens did shrink in our frozen eye sections,
but nearly half of this change was due to the lens in situ probably
becoming more relaxed after death, affecting the position of its
posterior surface. Freezing did not disturb the anterior chamber,corneal power, nor the distance from the front surface of the lens
to the back of the retina. This latter distance was important for
reconstructing eye shape, and the Bland Altman agreement be-
tween the two measures (frozen and live) for this distance was
high.
In terms of resolution, we were easily able to distinguish the
retinal, choroid and scleral layers, and epithelium and corneal stro-
ma. In comparison, the spatial resolution of MRI systems com-
monly available for laboratory work are considerably lower,
although such systems clearly have the advantage of live imaging
and are useful for gross analysis of eye shape in larger animals
(Smith et al., 2010). An alternative method successfully used in
small eyes, involved photographing freshly excised chick eyes
(Tepelus et al., 2011). However, it has the disadvantage that inter-
nal structures cannot be measured. B-scan ultrasound is another
imaging method, but does not allow full eye imaging. A promising
future alternative method for in vivo imaging is OCT. However, for
an eye with axial length of 8.8 mm and equatorial diameter of
9.3 mm (the maximum eye size we measured), it is currently not
possible to obtain the whole eye structure. Therefore the method
we have used, which requires careful attention to both the freezing
process and alignment prior to and during cutting, can provide
reproducible data on retinal position and eye shape.5. Conclusions
The refractive error of the guinea pig eye varied between central
and peripheral space and together with eye shape analysis sug-
gested the eye was myopic in the middle of the lower visual ﬁeld.
The ‘‘lower ﬁeld myopia’’ was present at birth and was due to dif-
ferences in the position of the retinal plane. It was reﬁned during
emmetropization, possibly with the help of a visually mediated
choroidal response. This arrangement would allow imaging of the
ground plane and the horizon simultaneously and may play a piv-
otal role in detecting danger while locating food. This small mam-
malian eye also has a signiﬁcant conical ocular enlargement at
least ±6 in diameter about the exit of the optic nerve, possibly pro-
viding a second adaptation for viewing the ground in the nasal ﬁeld
without the need for accommodation. During ocular growth and
emmetropization, the central retina grows 1.5 times faster than
the peripheral retina, a pattern which reverses in the later stage
of slower growth. We speculate that this switch in the central/
peripheral growth pattern may be initiated with the achievement
of emmetropia and clear vision.Acknowledgments
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